Nanofabrication and thin film deposition techniques have been employed to form Ni nanocontacts that have a three-dimensional point contact geometry with a minimum contact diameter in the range of 1-10 nm. The electron transport through these nanocontacts has been demonstrated to be ballistic or at least quasiballistic. Measurements of the magnetoresistance arising from the creation and removal of a domain wall have yielded a small effect, Ͻ1%, but one which increases with decreasing contact diameter. Depending upon the substrate preparation, the nanocontacts can exhibit a strong magnetostriction behavior in the presence of an in-plane magnetic field.
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When a contact of nanoscale dimensions is established between two ferromagnetic electrodes it is energetically favorable for any domain wall that is developed between the two layers to be constrained at the contact region. 1 Such geometrically constrained domain walls behave differently from walls in the bulk material in the sense that the wall thickness is expected to scale linearly with the minimum diameter of the nanocontact. Due to the nonadiabatic and possibly ballistic nature of electron transport across such ultrathin domain walls, the spin-dependent scattering rate at the domain wall is expected to increase, resulting in an enhanced magnetoresistance effect as compared to that due to electron transport across an unconstrained domain wall. An enhancement of the magnetoresistance with decreasing domain wall width has indeed been demonstrated with samples fabricated from a permalloy/gadolinium/permalloy ͑Py/Gd/ Py͒ trilayer where the domain wall was trapped in the Gd layer instead of a point contact. 2 Recently there have been reports of very large magnetoresistance effects in electrodeposited Ni nanocontacts 3, 4 and such effects have also been extensively studied for nanocontacts prepared by electrical breakdown of an oxide layer between a Ni microcluster and a magnetic film 5 as well as mechanical contacts between sharp tips etched on Ni wires. 6 There have also been reports on high magnetoresistance effects in half-metallic oxide point contacts prepared by the break-junction technique. 7 However the exact contact geometry in most of these techniques is not known, and in general the interface purity and quality cannot be easily controlled. Mechanical stability is also limited in break junctions. Clean, stable, and reproducible contacts formed under at least nearultrahigh vacuum ͑UHV͒ conditions are likely to be required for device applications.
To examine domain wall magnetoresistance in the ballistic electron transport regime, we have produced clean nanocontacts between Ni electrodes via a near UHV thin-film deposition technique. These Ni-Ni nanocontacts were formed by first creating a bowl-shaped nanometer-sized hole in an amorphous Si 3 N 4 membrane by e-beam lithography and reactive ion etching techniques ͑Fig. 1͒. The metallization of the contact was achieved by dc magnetron sputtering onto both sides of the membrane, in a system with a base pressure of 5ϫ10 Ϫ8 Torr, and with an in-plane field of 120 Oe that provided a magnetic orientation to the growing film. Prior to the Ni deposition, a Cu or Pt seed layer was deposited on the side of the membrane having the smaller opening to produce ͗111͘ texture in the pinned layer. X-ray diffraction experiments confirmed ͗111͘ preferred orientation for such films. This seed layer deposition was then followed by the a͒ Author to whom correspondence should be addressed; electronic mail: oo24@cornell.edu deposition of the free magnetic layer on the opposite side of the membrane, which also filled the bowl. The fixedferromagnetic electrode that was deposited on top of the seed layer was magnetically pinned by deposition of a succeeding antiferromagnetic pinning layer ͑FeMn͒. To obtain significant exchange fields, the thickness of the fixed layer ͑10 nm͒ was chosen to be much smaller than that of the free layer ͑100 nm͒. The effectiveness of this pinning layer was enhanced by thermally annealing the final device in field. Nanocontact devices with various contact sizes ͑1-10 nm͒ were fabricated in this manner by varying e-beam doses. 8 The character of the electron transport through these nanocontacts was established by measurement of their ''point contact spectra'' d 2 V/dI 2 . If the nanocontact diameter cӷ the electron mean free path, the resistance is that of a diffusive contact R D ϭ/c, where is the film resistivity. In this regime d 2 V/dI 2 is featureless. For cр, transport through the contact becomes at least quasiballistic and d 2 V/dI 2 begins to exhibit the phonon spectrum of the conductor as some of the ballistic electrons emit phonons during their transit through the contact regime and are inelastically backscattered. For cϽ the contact resistance is the Sharvin resistance for ballistic contacts: R B ϭ16/3c
2 . For near ballistic contacts (cӍ) a good approximation is RϳR B ϩR D . 9 In Fig. 2 we show the point contact spectra for a 66 ⍀ and for a 214 ⍀ Ni nanocontact. In both cases the rapid turn on of the phonon emission by the electrons once the bias exceeds ϳ10 mV is clearly seen. The clearly resolved peak in d 2 V/dI 2 for the 214 ⍀ contact at ϳ20 mV coincides with the peak in the phonon density of states of Ni. 10 This indicates that for this contact cϽ and from R B we obtain c ϭ1.8 nm.
In-plane magnetic field superconducting-quantuminterference device ͑SQUID͒ magnetometry measurements on the samples reveal two hysteresis loops in the magnetic behavior, corresponding to the separate magnetic reversal of the pinned and free layers ͓Fig. 3͑a͔͒. Since the in plane dimensions of both electrodes are the same, the total magnetic moments measured are proportional to the electrode thicknesses. Thus, starting at high, saturating negative fields, at ϩ50 Oe the free layer switches its magnetization direction and the plateau between ϩ50 and ϩ120 Oe fields corresponds to the region when there is an antiparallel alignment between the two layers. At ϩ120 Oe the pinned layer switches its magnetization direction which leads to saturation at high positive fields. All these transitions occur in the reverse order as the field is increased in the negative direction. The transitions corresponding to separate switching events of The ''zero bias anomaly,'' which is particularly prominent in the 214 ⍀ device, is attributable to atomic scale structural defect instabilities in the nanocontact ͑Ref. 15͒ and is seen to decrease in amplitude over time as the defects anneal away.
FIG. 3. ͑a͒ Room-temperature SQUID magnetometry measurement of M vs
H for a Ni-Ni point contact device. The thick and thin horizontal arrows represent the magnetization directions of the free and pinned layers, respectively. The vertical arrows represent the field scan directions. There are two independent hysteresis loops for the free and fixed layers. ͑b͒ Room temperature magnetoresistance scan for a Ni-Ni nanocontact. The difference in the switching fields arises from an intermediate magnetic state in the bowl. ͑c͒ Magnetoresistance as a function of device resistance is shown. Solid circles are the data for Ni-Ni point contacts. The dashed line is a linear fit to the data. In the ballistic transport regime, a 100 ⍀ device is expected to have a minimum contact diameter of Ӎ3 nm.
the magnetic layers are confirmed by the magnetoresistance measurements as illustrated in Fig. 3͑b͒ . Here the typical exchange field, as measured from the shift in the symmetry axis of the field scans, was about 50 Oe. The switching events at the contact region that are detected by the magnetoresistance happen at slightly different fields as compared to the switching of the bulk magnetic layers due to the existence of an intermediate vortex state in the bowl as indicated by micromagnetic simulations. Given the small diameter c of the three dimensional contact, the device resistance is only sensitive to the magnetic state of the film within a distance c from the minimum contact cross section, whereas the SQUID measurements are not sensitive to the magnetic configuration in the bowl. Thus the sharp transitions in the field scans reflect the domain wall formation and elimination at the nanocontact.
In Fig. 3͑c͒ , we show the in-plane magnetoresistance signal obtained from a number of Ni nanocontacts plotted versus the nanocontact resistance. There is a general trend of the magnetoresistance increasing, more or less linearly, with contact resistance ͑decreasing contact area͒ but the maximum magnetoresistance change observed was only 0.45% in a 100 ⍀ device. Assuming that, as indicated by the point contact spectra, all of the devices are in either the quasiballistic or ballistic regime when the device resistance is above 20 ⍀, the 20-100 ⍀ resistance range corresponds to a contact diameter varying from 6 to 2.6 nm. It is interesting to compare these results with the domain wall magnetoresistance in bulk Ni calculated using band-structure arguments.
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Such a calculation predicts 0.11% magnetoresistance resulting from a bulk domain wall in Ni. Thus we conclude that for clean Ni nanocontacts with minimum diameters as small as 3 nm, and with ballistic transport across the domain wall, there is no exceptionally large magnetoresistance effect. Similar results, which we will discuss elsewhere, have been obtained with Co nanocontacts.
For devices with contact diameters less than 3 nm (R B Ͼ100 ⍀), the device resistance signal was dominated by 1/f noise which obscured the measurement of small magnetoresistance. Such strong 1/f noise is generally found in metallic nanocontacts and arises from atomic defect fluctuations in these very small, mechanically stressed metallic nanostructures. 12 A very striking magnetostriction effect was observed with devices in the high resistance regime in the cases where a thin Cu layer instead of Pt was deposited to seed the Ni film growth. Due to the greatly enhanced surface magnetostriction effect that resulted, the Cu seeded Ni nanocontacts were subjected to very high stress, and underwent plastic deformation as they were cycled through several field reversals. This plastic deformation due to magnetostriction was not observed in Pt-seeded nanocontacts. The fact that magnetostriction behavior of Ni thin films may be highly dependent on the choice of the substrate, or on the surface environment of the Ni, has been demonstrated by previous work. For instance, for polycrystalline Ni films deposited on SiO 2 , below 10 nm thickness, the magnetostriction was found to be enhanced by as much as a factor of 3 as compared to the bulk value. 13, 14 However for Ni films on 3 Å of Pt, it has been shown that the magnetostriction is driven more positively as the film thickness is reduced and becomes zero at about 7 Å of film thickness.
14 This magnetostriction effect was particularly strong in Cu seeded devices in which the lithographically defined contact diameter was further reduced by high bias currents in a controlled electromigration process. This resulted in void formation at the contact and induced a perpendicular anisotropy at the contact region. As the contact size is reduced, e.g., by such an electromigration process, surface effects become more and more pronounced. Since Ni has negative magnetostriction regardless of the crystal direction, a parallel in-plane field acts against the local shape anisotropy to induce magnetostriction forces which tend to shrink the contact parallel to its radial axis and pull it apart in the perpendicular direction. Thus for the high resistance Cuseeded devices when a parallel in-plane field was swept back and forth, the magnetostriction forces across the contact were high enough to gradually pull the nanocontact apart.
In summary we have made magnetoresistance measurements on exchange-biased Ni nanocontacts formed by a near-UHV thin film deposition process where at least the higher resistance devices are in the ballistic transport regime as revealed by their point contact spectra d 2 V/dI 2 . While the magnetoresistance signal that is found is an enhancement over predicted bulk values, there is no evidence for a very large magnetoresistance enhancement for Ni nanocontacts in the ballistic regime. A very strong magnetostriction effect is also observed in some devices, depending upon the substrate preparation, which can be sufficient to plastically deform and rupture the nanocontact. This work was supported by an Army Research Office MURI program in Spin Interactions and Spin Dynamics in Nanostructures and benefited from use of the facilities of the National Nanofabrication Users Network at Cornell University.
